The antidepressant effect of the selective serotonin reuptake inhibitors (SSRIs) is thought to be mediated by enhanced serotonin (5-HT) transmission. However, initial exposure to SSRIs is associated with no change or even a decrease in extracellular 5-HT levels in the terminal fields of the forebrain (Chaput et al. 1986; Invernizzi et al. 1992; 
), due to stimulation by 5-HT of somatodendritic 5-HT 1A autoreceptors in the dorsal raphe nuclei (DRN), the major source of serotonin fibers to the forebrain (for review see Artigas et al. 1996 ). An acute increase of extracellular 5-HT in the DRN activates the 5-HT 1A autoreceptors and decreases the firing rate of the 5-HT neurons (Bel and Artigas 1992; Invernizzi et al. 1992) . Electrophysiologic rodent studies suggest that with continued administration of SSRIs the 5-HT 1A autoreceptors become desensitized, resulting in enhanced 5-HT transmission after two to three weeks of treatment, a time frame which approximates the time of onset of the antidepressant effect (for reviews see Blier and de Montigny 1994; Artigas et al. 1996) .
In rodents, blockade of the DRN 5-HT 1A autoreceptors prevents the immediate reduction in 5-HT transmission and potentiates the effects of SSRIs (Invernizzi et al. 1992; Dreshfield et al. 1996; Hjorth 1996; Romero et al. 1996; Maione et al. 1997; Gartside et al. 1999 ). This observation led to the hypothesis that blockade of the 5-HT 1A autoreceptors might decrease the latency to clinical improvement by antidepressant pharmacotherapy. Pindolol is a ␤ -adrenergic receptor antagonist with affinity for the 5-HT 1A receptor (Hoyer and Schoeffter 1991) . Initial open label clinical studies reported that the co-administration of pindolol with SSRI enhanced and/or accelerated the antidepressant effects of the SSRIs (Artigas et al. 1994; Blier and Bergeron 1995; Bakish et al. 1997) . However, the results of subsequent double-blind controlled trials have been less consistent (Maes et al. 1996 (Maes et al. , 1999 Berman et al. 1997 Berman et al. , 1999 Perez et al. 1997 Perez et al. , 1999 Tome et al. 1997; Zanardi et al. 1997 Zanardi et al. , 1998 Bordet et al. 1998) .
The dose of pindolol used in clinical studies was generally 2.5 mg three times per day (t.i.d.), i.e., 7.5 mg per day. This dose was chosen due to the low incidence of cardiovascular side effects (doses of 30 to 45 mg/day are typically used for antihypertensive therapy) (Aellig et al. 1982) . However, the degree of blockade at the 5-HT 1A receptors produced by this dose of pindolol (7.5 mg/ day) is unknown, and the mixed clinical findings might result from a low or variable blockade of 5-HT 1A receptors.
In this study, the occupancy of 5-HT 1A receptors by various regimens of pindolol was assessed with positron emission tomography (PET) and the radiolabeled 5-HT 1A antagonist [ carbonyl - (Forster et al. 1995; Gozlan et al. 1995) . [ 11 C]WAY 100635 is a newly developed radiotracer that enables reliable quantification of 5-HT 1A receptor availability in the human brain (Pike et al. 1995; Farde et al. 1998; Gunn et al. 1998; Drevets et al. 1999; Parsey et al. 2000; Sargent et al. 2000) .
Preclinical studies also indicate that pindolol might be more potent at blocking the DRN 5-HT 1A autoreceptors than the postsynaptic 5-HT 1A receptors in cortical and limbic areas Tada et al. 1999 ). This property of pindolol might be of importance for augmenting the antidepressant effects of SSRIs, in that pindolol may block autoreceptor activation in the DRN without interfering with 5-HT transmission at the 5-HT 1A receptors in the terminal fields. Yet, not all preclinical results agree with a preferential effect of pindolol on somatodendritic 5-HT 1A autoreceptor (Corradetti et al. 1998) . Therefore, the second aim of this study was to clarify this question by comparing the 5-HT 1A receptor occupancy of varying doses of pindolol in the DRN and in several neocortical regions in healthy human volunteers.
MATERIALS AND METHODS

General Design
The general design of the study is presented in Figure 1 . Following screening and written informed consent, subjects first underwent a baseline [ 11 C]WAY 100635 PET scan (scan 1) and an MRI scan. Approximately five days later, subjects were started on pindolol controlled release (CR) for a total of nine days. Because of its short half-life (3 to 4 h) (Borchard 1990) , pindolol is usually given t.i.d.. We employed a new formulation of the drug which allows once daily dosing (pindolol CR) that matches the drug exposure of t.i.d. dosing with the immediate release formulation. From Days 1 to 7, subjects received pindolol CR 7.5 mg p.o. q.d. at 8 A.M.. On Day 6, subjects were admitted to the Biological Studies Unit (BSU) at New York State Psychiatric Institute for four nights . Two [ We report here the results of 33 scans in nine subjects. Eleven subjects (age of 35.2 Ϯ 8.8 y.o.) participated in this study. Two subjects were excluded from the study after the baseline scan (one subject decided to withdraw, and the second was excluded due to an inability to tolerate the head restraining device used in the scanner). Therefore, nine subjects started and completed the pindolol treatment. Three scans were not obtained (scan 2 of subject 6, scan 3 of subject 9, and scan 4 of subject 7), due to low radiochemical yield ( n ϭ 2) or cyclotron down time ( n ϭ 1). Thus, a complete dataset (4 of 4 scans) was acquired in six subjects, and an incomplete data set (3 of 4 scans) was obtained in three subjects. [ 11 C]WAY 100635 was prepared with a modification ) of the previously published method (Osman et al. 1996) . Table 1 provides the mean, SD, and range of injected doses (ID) and specific activities at time of injection (SA) for each scan. No difference was observed in ID or SA between the 4 scan conditions (repeated measures ANOVA, p ϭ .34 and p ϭ .39, respectively), and no relationship was observed between [ 
Radiochemistry
PET Protocol
PET imaging sessions were conducted as previously described (Parsey et al. 2000) . Subject preparation included placement of arterial and venous catheters, fiducial markers and polyurethane head immobilizer. An arterial catheter was inserted in the radial artery after completion of the Allen test and infiltration of the skin with 2% lidocaine. A venous catheter was inserted in a forearm vein on the opposite side. Four fiducial markers filled with C-11 (about 2 Ci /marker at time of injection) were glued on the subject's head. A polyurethane head immobilizer system (Soule Medical, Tampa, FL) was used to minimize head movement . PET imaging was performed with the ECAT EXACT HR ϩ (Siemens/CTI, Knoxville, TN) (63 slices covering an axial field of view of 15.5 cm, axial sampling of 2.46 mm, in plane and axial resolution of 4.4 and 4.1 mm full width half-maximum at the center of the field of view in the 3 D mode, respectively). A 10-min transmission scan was obtained prior to radiotracer injection. [ duration (3 * 20 s, 3 * 1 min, 3 * 2 min, 2 * 5 min, 8 * 10 min). Images were reconstructed with attenuation correction using the transmission data and a Sheppe 0.5 filter (cutoff 0.5 cycles/projection rays).
Input Function Measurement
Following radiotracer injection, arterial samples were collected every 10 sec with an automated sampling system for the first two minutes, and manually thereafter at longer intervals. A total of 30 samples were obtained per experiment. Following centrifugation (10 min at 1800g), a 200 l aliquot of plasma was collected and activity measured in a gamma counter (Wallac 1480 Wizard 3M Automatic Gamma Counter). Six selected samples (collected at 2, 6, 12, 20, 40, and 60 min) were further processed by protein precipitation using acetonitrile followed by high pressure liquid chromatography (HPLC) to measure the fraction of plasma activity representing unmetabolized parent compound. The HPLC system includes the Phenomenex C18 analytical column (10 micron, 4.6 ϫ 250 mm), which was eluted with a mixture of acetonitrile (50%) and aqueous 0.1 M ammonium formate (50%) at a flow rate of 2 ml per min. Five fractions collected over 12 min were counted. A [ 11 C]WAY 100635 standard was processed with each experiment and parent eluted with fractions 4 and 5. The fraction parent was estimated by the decay corrected ratio of activity in fractions 4 and 5 to the activity of the total collection.
The six measured fractions of parent compound were fitted to the sum of one exponential plus a constant in order to interpolate values between and after these measurements (Parsey et al. 2000) . The input function was calculated as the product of the total counts and interpolated fraction of parent compound at each time. The measured input function values (C a (t), Ci mL Ϫ 1 ) were fitted to a sum of three exponentials, and the fitted values were used as input to the kinetic analyses. The clearance of the parent compound (C L , L/h) was calculated as the ratio of the injected dose to the area under the curve of the input function (Abi-Dargham et al. 1994 ). Determination of [ 11 C]WAY 100635 free fraction in the plasma was performed in triplicate by ultracentrifugation (Gandelman et al. 1994) .
MRI Acquisition and Segmentation Procedures
MRIs were acquired on a GE 1.5 T Signa Advantage system. Following a sagittal scout (1 min), performed to identify the AC-PC plane, a transaxial T1 weighted sequence with 1.5 mm slice thickness was acquired in a coronal plane orthogonal to the AC-PC plane over the whole brain with the following parameters: 3-dimensional SPGR (Spoiled Gradient Recalled Acquisition in the Steady State); TR 34 msec; TE 5 msec; flip angle of 45 degrees; slice thickness 1.5 mm and zero gap; 124 slices; FOV 22 ϫ 16 cm; with 256 ϫ 192 matrix, reformatted to 256 ϫ 256, yielding a voxel size of 1.5 mm ϫ 0.9 mm ϫ 0.9 mm; and time of acquisition 11 min. MRI segmentation was performed within MEDx (Sensor Systems, Inc., Sterling, Virginia), with original subroutines implemented in MATLAB (The Math Works, Inc., Natick, Massachusetts). Steps for MRI segmentation included correction for field inhomogeneities, fitting of the voxel distribution to a combination of 3 Gaussians functions, voxel classification and post filtering (see details in Abi-Dargham et al. 2000) .
Image Analysis
Image analysis was performed with MEDx (Sensor Systems, Inc.) as follows: 1) Frame realignment was performed by aligning the fiducial markers to the coordinates of their location in the first frame. 2) Following frame to frame registration, the 19 frames were summed and the summed PET image was coregistered and resampled to the MRI, using the Automated Image Registration program (Woods et al. 1992) . The summed PET image was used because it contains counts from the initial, flow dependent activity distribution which enhances detection of the boundaries of regions with low receptor density, such as the cerebellum. The parameters of the spatial transformation matrix of the summed PET data set were then applied to each individual frame. Thus, each PET frame was resampled in the coronal plane to a voxel volume of 1.5*0.9*0.9 mm 3 . 3) Regional boundaries were drawn on the MRI according to criteria (available on request) based on brain atlases (Talairach and Tournoux 1988; Duvernoy 1991 ) and on published reports (Kates et al. 1997; Killiany et al. 1997) .
Eleven regions of interest (ROIs) and one region of reference (cerebellum) were included in the analysis: dorsolateral prefrontal cortex (DLPFC, size of 46,586 Ϯ 7748 mm 3 , mean Ϯ SD of nine subjects, sum of right and left), medial prefrontal cortex (MPFC, 13, 650 ). The MTL consisted of a spatially weighted average of five limbic structures (uncus, amygdala, entorhinal cortex, parahippocampal gyrus, and hippocampus). Caudate, putamen , and thalamus were analyzed but not reported, given the very low density of 5HT 1A receptors in these regions. The cerebellum was used as the region of reference, since this region is devoid of de-tectable 5-HT 1A receptors (Hoyer et al. 1986; Dillon et al. 1991; Farde et al. 1997; Hall et al. 1997 ). Right and left regions for bilateral ROIs were averaged.
The same ROI boundaries were used to analyze the four scans of a given subject. For cortical regions, "large" regions were first drawn on the MRI to delineate the boundaries of the ROIs. Within these regions, activity was measured only in the voxels classified as gray matter by the segmentation procedure (see details in Abi-Dargham et al. 2000) . The advantage of the segmentation procedure is that it is operator-independent and much faster and reliable than manual tracing of gray/white/CSF boundaries. The subcortical regions were directly identified on the MRI and were not segmented. The DRN region was the only region not drawn on the MRI, due to the lack of identifiable boundaries that can be visualized on the MRI. The DRN region was drawn directly on PET scans in reference to the DRN activity concentration, and the same DRN region was used to analyse each of the scans.
Derivation of Regional Total Distribution Volumes
Derivation of [ 11 C]WAY 100635 regional distribution volumes was performed using kinetic analysis and a three compartment model (Mintun et al. 1984; Laruelle et al. 1994c; Parsey et al. 2000) . The three compartment configuration included the arterial plasma compartment (C a ), the intracerebral free and nonspecifically bound compartment (nondisplaceable compartment, C 2 ), and the specifically bound compartment (C 3 ). Brain activity was corrected for the contribution of plasma activity assuming a 5% blood volume (Mintun et al. 1984) .
The total regional distribution volume (V T , mL of plasma/g of tissue) was defined as the ratio of the tracer concentration in this region to the metabolite-corrected plasma concentration at equilibrium (1) V T is equal to the sum of the distribution volumes of the second (nondisplaceable, V 2 ) and third (specific, BP) distribution volumes. V T was derived from the kinetic rate constants as (2) where K 1 (mL g Ϫ1 min
Ϫ1
) and k 2 (min
) are the unidirectional fractional rate constants for the transfer between C a and C 2 , and k 3 (min
) and k 4 (min
) are the unidirectional fractional rate constants for the transfer between C 2 and C 3 .
Kinetic parameters were derived by nonlinear regression using a Levenberg-Marquart least squares minimization procedure (Levenberg 1944) implemented in MAT-LAB (The Math Works, Inc., South Natick, MA) as (Laruelle et al. 1994b) . Given the unequal sampling over time (increasing frame acquisition time from beginning to end of the study), the least squares minimization procedure was weighed by the square root of the frame acquisition time. The identifiability of the parameters was assessed by the standard error of the parameters at convergence, given by the diagonal of the covariance matrix (Carson 1986) , and expressed as percent of the parameters (coefficient of variation, %CV).
Derivation of Binding Potential
The binding potential (BP) was derived as the difference between total (V T ) and nonspecific (V 2 ) distribution volumes, with cerebellum V T used as a measure of V 2 : (3) Under these conditions, BP is equal to (Laruelle et al. 1994c) : (4) where Bmax is the regional concentration of 5HT 1A receptors (nM per g of tissue), K D is the affinity of [ The use of the cerebellum [ 11 C]WAY 100635 V T as an estimate of the nonspecific distribution volume is supported by the lack of detectable 5-HT 1A receptors in the cerebellum (Dillon et al. 1991; Hoyer and Schoeffter 1991; Farde et al. 1997; Hall et al. 1997) . Despite the absence of displaceable binding, kinetic modeling of the cerebellar uptake requires a two tissue compartment model (Farde et al. 1998; Gunn et al. 1998; Parsey et al. 2000) . This second cerebellar tissue compartment likely reflects a kinetically distinguishable nonspecific binding or a slow buildup of radiolabeled metabolites in the brain (see full discussion in Parsey et al. 2000) .
Another outcome measure of interest was the BP normalized to cerebellum, termed V 3 " or k 3 /k 4 ratio. V 3 " is equal to the ratio of BP to V 2 (Laruelle et al. 1994c) . (5) where f 2 is the free fraction in the brain (f 2 ϭ 1/V 2 ). Given the low value of V 2 for [ 11 C]WAY 100635 (less than unity), the reproducibility of V 3 " was found to be lower than the reproducibility of BP for [ 11 C]WAY 100635 (Parsey et al. 2000) . Therefore, BP as defined by equation 4 was selected a priori as the outcome measure for this study.
Derivation of Occupancy
The occupancy achieved by pindolol during scan i (where i ϭ 2, 3, or 4) was calculated as: (6) where BP 1 is BP measured during baseline scan (scan 1).
Pindolol Plasma Measurement
Blood sampling for determination of plasma pindolol levels was obtained on Days 7 and 9 at the following times: Day 7: Pre-dose, then 1, 2, 3, 4*, 5*, 6*, 8, 10*, 12*, 13, 14, 16, and 24 hours post-dose; Day 9: Pre-dose, then 1, 2, 3, 4*, 5*, 6*, 8, 10, 12, 16 and 24 hours post-dose, where * are the samples taken in association with the [ 11 C]WAY 100635 scans. Blood samples were centrifuged within 30 minutes after collection (1500g, 4ЊC), and plasma samples were frozen at Ϫ20ЊC until assays were performed at the Drug Analysis Department, SmithKline Beecham (Welwyn, UK).
Pindolol steady state pharmacokinetic parameters were calculated from the plasma concentrations, including the maximal and minimal concentration (C max and C min ), the peak time (T max ), the area under the curve for 24 h [AUC(0-24)] and the average plasma concentrations (C av ) during the PET scans [AUC(4-6)/2 and AUC(10-12)/2] and during the dosing interval [AUC(0-24)/24]. Pindolol pharmacodynamic parameters (maximal effect, E max , and pindolol concentration at half-maximal effect, EC 50 ) were obtained by fitting the function Occ ϭ E max P/(EC 50 ϩ P) to data from scans 2 and 4, where P is pindolol plasma concentration (ng mL
Ϫ1
) and Occ is receptor occupancy (%).
Statistical Analysis
Statistical analysis was performed with factorial or repeated measures ANOVA, as appropriate. Because of three missing values (one value missing on scans 2, 3, and 4, respectively), repeated measures ANOVA were performed only on the six subjects with complete data sets. This analysis was followed by pairwise comparisons, which included the whole data set (n ϭ 8 per scans). All values are given as mean Ϯ SD in the text and mean Ϯ SEM in figures. Significance level was set at p Ͻ .05 and all contrasts were two tailed. 
RESULTS
[
C]WAY 100635 Plasma Analysis
The presence of pindolol significantly increased [ 11 C]WAY 100635 plasma free fraction (scan 1: 3.5 Ϯ 0.6%; scan 2: 4.4 Ϯ 0.8%; scan 3: 4.6 Ϯ 1.7%; scan 4: 4.6 Ϯ 1.4%, repeated measures ANOVA, n ϭ 6, p ϭ .012). Post-hoc analysis revealed that the increase in f 1 reached significance on scans 2 and 4, the two conditions expected to have the highest pindolol plasma concentration (scan 1 versus scan 2, n ϭ 8, p ϭ .049; scan 1 versus scan 3, n ϭ 8, p ϭ .13; scan 1 versus scan 4, n ϭ 8, p ϭ .023).
Brain Analysis
In general, the regional V T values were well identified by the three compartment analysis. The average error on the estimation of V T was 6.8 Ϯ 11.2% (n ϭ 396, 12 regions * 33 scans). Significant between region differences were observed in the identifiability of V T (repeated measures ANOVA with regions as repeated measures, p ϭ .009). Post-hoc analysis revealed that DRN V T had a higher uncertainty (identifiability of 32 Ϯ 27%) compared to other regions (4.6 Ϯ 3.5%, p Ͻ .001).
No effect of pindolol was observed on the cerebellum V T (Table 2) , an observation consistent with the lack of 5HT 1A receptors in this region (repeated measures ANOVA, p ϭ 0.21) and supporting the use of this region to measure nonspecific distribution volume. This was confirmed on pairwise comparisons (scans 1 versus 2, 3, and 4: p ϭ .80, .43, and .29, respectively).
Regional BP was calculated as the difference between the regional V T and cerebellar V T (Table 3) . A significant decrease in regional BP was observed with pindolol administration (repeated measures ANOVA, n ϭ 66, p Ͻ .001) (Figure 2 ). This decrease was observed for each scan (repeated measures ANOVA, n ϭ 88, p Ͻ .001 for all three contrasts). BP values during scan 2 were lower than during scan 3 (n ϭ 88, p Ͻ .001), which was consistent with the observation that pindolol blood levels were higher at 4 h compared to 10 h after administration. Table 4 lists the occupancy by region (average of all subjects) measured during scans 2, 3, and 4. Combining all regions, occupancy was 20 Ϯ 8% at scan 2, 14 Ϯ 8% at scan 3 and 44 Ϯ 8% at scan 4. Significant between region differences in occupancy were noted (repeated measures ANOVA: all scans, n ϭ 6 subjects, p Ͻ .0001). This significant between region difference was present at each dose, and significant between region differences in occupancy was observed whether we included or excluded subjects with missing data point (results including all subjects: scan 2: n ϭ 8, p ϭ .012; scan 3: n ϭ 8, p ϭ .011; scan 4: n ϭ 8, p Ͻ .0001). Pair-wise analyses revealed that occupancy in the DRN was higher than occupancy in all other regions for each scan (p Ͻ .05 for scans 2, 3, and 4, n ϭ 8 per doses), but that other regions (corticolimbic regions) did not differ from each other ( Figure 3 ). Thus, DRN occupancy was 40 Ϯ 29% on scan 2, 38 Ϯ 26% on scan 3, and 64 Ϯ 15% on scan 4. The average occupancy in all other regions was 18 Ϯ 5% on scan 2, 12 Ϯ 3% on scan 3, and 42 Ϯ 4% on scan 4. Therefore, DRN occupancy was greater than the occupancy in the other regions by a factor of 2.2 on scan 2, 3.1 on scan 3, and 1.5 on scan 4. Table 5 lists the average occupancy by subject (DRN occupancy and average of all other regions) measured during scans 2, 3, and 4. Large between subjects differences were observed in pindolol occupancy. This between subject variability was more pronounced following the low dose pindolol (scan 2 and 3) compared to the high dose (scan 4). This dose-dependent decrease in between subject binding variability is consistent with a saturation curve (at low dose, very small differences in ligand concentration will result in large differences in binding; at higher doses, large differences in ligand concentration will result in small differences in binding). A significant interaction was observed between subjects and occupancy (repeated measures ANOVA with regional occupancy as repeated measures and subject as cofactor; subject * occupancy interaction: p Ͻ .001). Regional occupancies measured on scan 2 were predictive of the occupancies measured on scan 3 (n ϭ 77, r 2 ϭ 0.57, p Ͻ .001) and 4 (n ϭ 77, r 2 ϭ 0.51, p Ͻ .001). Because of the significant differences in f 1 due to pindolol, occupancy was also computed using BP corrected for f 1 (derived as BP/f 1 ). Using this outcome measure, average regional occupancies were 34 Ϯ 6% at scan 2, 25 Ϯ 8% at scan 3, and 55 Ϯ 6% at scan 4 (Table  6 ). These occupancies were higher than occupancies calculated using BP as outcome measure, and the differences in estimated occupancy derived with these two outcome measures reached significance on scan 4 (paired t-test, p ϭ .04), but not on scan 2 (p ϭ .07), or scan 3 (p ϭ .22). However, the f 1 -corrected cerebellar V T was significantly affected by scan conditions: cerebellum V T /f 1 was 14.4 Ϯ 7.5 ml g Ϫ1 on scan 1, 12.1 Ϯ 6.6 ml g Ϫ1 on scan 2, 11.9 Ϯ 6.1 ml g Ϫ1 on scan 3, and 10.0 Ϯ 2.2 ml g Ϫ1 on scan 4 (repeated measures ANOVA, p ϭ .009). This apparent decrease in cerebellum V T /f 1 by pindolol was inconsistent with the lack of detectable 5-HT 1A receptors in this region (Hoyer et al. 1986 ; Dillon 11 C]WAY 100635 in subject 2 during scans 1, 2, and 4. The PET image is the sum of five frames of 10 min collected between 30 min and 80 min. Activity was corrected for the injected dose and color coded using the same scale across the three scans. Farde et al. 1997; Hall et al. 1997) , and raised doubt about the appropriateness of the f 1 correction. Therefore, occupancy in the other regions might be overestimated when BP is corrected for f 1 . Occupancy values derived with V 3 " are also provided in Table 6 , and indicates a range of occupancy measurements similar to those obtained with BP. Occupancies derived with BP or V 3 " were not significantly different (paired t-tests, scan 2: p ϭ .16; scan 3: p ϭ .15; scan 4: p ϭ .08). Figure 4 shows the average pindolol plasma concentration during the 24 h following administration of pindolol 7.5 mg on Day 7 (scans 2 and 3) and 30 mg (scans 4) on Day 9. The pharmacokinetic parameters for Days 7 and 9 are presented in Table 7 and Table 8 , respectively. Average plasma pindolol concentration were 18 Ϯ 8 ng mL Ϫ1 , 7 Ϯ 3 ng mL Ϫ1 and 58 Ϯ 24 ng mL Ϫ1 during scans 2, 3, and 4, respectively.
Pindolol Plasma Measurement
The relationship between pindolol plasma levels and 5-HT 1A receptor occupancy was studied on data from scans 2 and 4 (both scans obtained 4 h after dose) (Figure 5) . Because of significant differences in pindolol occupancy between the DRN and all other regions, DRN and corticolimbic curves were fit separately. E max values (Ϯ standard error) were 95 Ϯ 23% and 53 Ϯ 17% in DRN and postsynaptic regions, respectively. This result suggested that the sites occupied by pindolol in this range of plasma concentrations corresponded to the whole population of 5-HT 1A receptors in the DRN (E max corresponded to 95 Ϯ 23% of 5-HT 1A receptors labeled by [ were configured in a state of high affinity for pindolol. EC 50 values were 24 Ϯ 15 ng mL Ϫ1 for the DRN and 21 Ϯ 18 ng mL Ϫ1 in postsynaptic regions. Thus, no difference was observed in the pindolol concentration needed to occupy 50% of the high affinity sites in the DRN and postsynaptic regions (equivalent to the K D relative to total plasma concentration).
We also performed a fit with E max constrained to 100% (Table 9 ). In the DRN, the constrained fit (r ϭ 0.68) was equivalent to the unconstrained fit (r ϭ 0.68), and returned similar parameters (EC 50 ϭ 27 Ϯ 6 mg mL
Ϫ1
). In corticolimbic regions, the constrained fit (r ϭ 0.38) had a lower goodness of fit compared to the unconstrained fit (r ϭ 0.50), and returned an EC 50 of 80 Ϯ 16 ng mL
. The absence of data at higher receptor occupancy in the postsynaptic regions precluded formal comparison of both models.
DISCUSSION
The results of this study demonstrate a significant occupancy of the 5-HT 1A receptor by pindolol in the human brain in vivo, and that this occupancy varies as expected with respect to dosage and blood levels. Across all brain regions the occupancy of pindolol was 20 Ϯ 8% at the peak plasma level of the 7.5 mg dose, 14 Ϯ 8% at 10 hrs following the 7.5 mg dose, and 44 Ϯ 8% at the peak of the 30 mg dose. Interestingly, the 5-HT 1A receptor occupancy by pindolol was significantly higher in the DRN than in terminal fields of the neocortex and limbic regions. The DRN selectivity of pindolol suggested by this study supports its use as a pharmacological augmentation strategy in the treatment of depression. However, before accepting this conclusion, we must carefully consider potential sources of artifact in our results. These potential sources are noise in the DRN BP determination, partial voluming, ROI definition, regional variability in nonspecific binding and the potential effect of endogenous 5-HT on [ 
Potential Sources of Artifactual Results
Noise and Bias. The first potential source of artifact we must consider is the difficulty in measuring DRN [ , n ϭ 330). The identifiability of DRN BP was lower (error of 32 Ϯ 27%) compared to the other ROIs (5 Ϯ 3%). We previously reported that the test/retest variability of [ 11 C]WAY 100635 BP (calculated as the absolute difference between BP test and BP retest divided by their average) was Ϯ 21 Ϯ 22% in the DRN (5 pairs) compared to Ϯ 9 Ϯ 3% in cortical regions (Parsey et al. 2000) .
The intraclass correlation coefficient (ICC) of BP was only 0.44 in the DRN, compared to 0.95 Ϯ 0.01 in cortical regions. Similar values were reported by Gunn et al. (1998) . Yet, the noise associated with measurement of the DRN BP is not expected, per se, to bias the results. It increases the likelihood of both type I and type II errors. Significantly higher occupancy in the DRN was ob- Values are mean Ϯ SEM of nine subjects (value of 0.5 ng mL Ϫ1 were used when pindolol levels were below detection limits). The figure also depicts the timing of scans 2 and 3 relative to time post 7.5 mg dose, and scan 4 relative to time post 30 mg dose. served for each condition, making a chance finding (type I error) due to random noise in the measurement unlikely. This view is only valid if the noise does not produce a systematic bias in the outcome measure, and we have previously demonstrated that this condition is met for the analytical method used in this study, i.e. kinetic derivation of V T .
Partial Voluming. The underestimation of BP by partial voluming is greater in the DRN than in the comparatively larger corticolimbic regions. Yet, the magnitude of the partial voluming effect is dependent on the volume of the structure and on the camera resolution, but not on the amount of activity (Kessler et al. 1984) . Since the distance between DRN and other regions with specific binding exceeds two full width at half maximum (FWHM, ‫ف‬ 5 mm), the DRN activity can be modeled as a small sphere surrounded by background nonspecific activity. Under these conditions, the relative underestimation of DRN BP due to partial voluming is the same at scans 1, 2, 3, and 4 and that partial voluming and spill over does not bias measurement of occupancy (see appendix for theoretical demonstration).
This absence of bias was further demonstrated by computer simulations with a simulated image of 256 ϫ 256 square pixels (pixel size of 0.78 mm2) including six "hot" spheres of various dimensions (diameters of 19.9, 17.3, 14.7, 11.9, 9.2, and 6.7 mm, respectively). Activities in the spheres and in the background were assigned levels of 1.4 and 0.5, respectively. To simulate various levels of occupancy by a competitive ligand, activities in the spheres were incrementally reduced from 1.4 to 0.5 (increments of 0.1). At each level of occupancy the image was blurred by a point spread function with FWHM ranging linearly from 4.3 to 8.15 mm in the radial direction and 4.3 to 5.0 mm in the tangential direction (these parameters closely approximate the spatially variant system resolution of the HRϩ camera). The average activities in the blurred spheres were measured at each level of occupancy and occupancy was then computed according to Equation 6. Although measured activity levels were underestimated as the size of the ) during a PET scan or a 24-hour dosing interval.
sphere decreased, measured occupancy agreed with the true occupancy to within 10 Ϫ4 for all spheres at all levels of occupancy.
Next, a more realistic simulation was performed by simulating the activity concentrations over time in the background regions and in the spheres as if background and spheres activities represented a region of reference and region of interest, respectively. Background and spheres activities were created by the convolution of a typical [ ; k 2 ϭ 0.0902 min
Ϫ1
) or a two tissue compartment for the spheres.
Two situations were simulated for the sphere activities, a "baseline scan" (K 1 ϭ 0.069 mL g Ϫ1 min
; k 2 ϭ 0.0902 min
; k 3 ϭ 0.044 min
; k 4 ϭ 0.014 min
), and a pindolol occupancy scan simulating a occupancy level of 50% (i.e., k 3 ϭ 0.022 min
). Images were blurred as described above, measured time-activity curves were analyzed by kinetic modeling, and BP values were derived as the difference between the "distribution volumes" in the spheres and the background. Although measured BP decreased with decreasing sphere size, measured occupancy was within 0.1% of true occupancy for all spheres (measured occupancy was 50.1% for the largest sphere and 49.9% for the smallest sphere). These simulations confirm the theoretical analysis presented in appendix and support the hypothesis that the partial volume effect does not explain the relatively greater pindolol-induced decrease in DRN BP compared to corticolimbic regions.
ROI Identification.
Since DRN boundaries are not identifiable on the MRI, the boundaries for the DRN ROI were drawn directly on the PET scan around the activity identified as the DRN. The size and shape of this region was kept constant for each subject, but the placement was varied slightly from one scan to the other to compensate for small errors in PET to MRI coregistration. Since DRN activity concentrations were more visible on scan 1 than scans 2, 3, and 4 (see Figure  2) , it is plausible that DRN region boundaries placements were more accurate for scan 1, yielding an underestimation of DRN BP on scans 2, 3, and 4. Since this problem was not encountered for the other regions, it could contribute to an apparent greater occupancy by pindolol in the DRN compared to the other regions.
To test this hypothesis, two additional analyses were completed. In the first one, the ROI was drawn on scan 1, and then directly applied on scan 2 to 4 without any correction. In the second analysis, the ROI was drawn on scan 2, and directly applied on scan 1, 3, and 4, again without correction. These two analyses addressed the possible bias due to lower visual identifiability of DRN in scans 2, 3, and 4 relative to scan 1, yet introduced another bias, in that a small error in PET to MRI coregistration would not affect the primary scan on which the region placement was based, but would affect the DRN measurement in the three other scans. The estimation of pindolol occupancy in the DRN was similar with the and equal to the cerebellum distribution volume, but nonspecific binding of [ 11 C]WAY 100635 has not been directly measured in humans. Therefore, it cannot be excluded that the nonspecific binding of [ 11 C]WAY 100635 is higher in cortical and limbic regions compared to the DRN. Such a difference would result in underestimation of the pindolol occupancy in cortical and limbic regions. However, the difference in nonspecific binding between the postsynaptic and DRN regions would have to be extremely large to account for the differences in pindolol occupancy observed in this study. For example, if the medial temporal lobe V 2 was 1.5 fold higher than the cerebellum V T , the true decrease in medial temporal lobe BP from scan 1 to scan 2 would be 20% instead of 19%. Thus, while this factor might in theory bias the results, its impact is practically negligible.
Effect of Endogenous 5-HT.
Finally, we must discuss the possibility that pindolol administration might be associated with a larger increase of endogenous 5-HT in the DRN compared to corticolimbic regions and that endogenous 5-HT might effectively compete with [ 11 C]WAY 100635 for binding to 5-HT 1A receptors. Under this scenario, the occupancy of 5-HT 1A receptors by pindolol would be overestimated, and more so in the DRN that in the corticolimbic regions. However, we previously showed that, in baboons, administration of the 5-HT releaser fenfluramine failed to decrease [ 11 C]WAY 100635 specific binding (Parsey et al. 1999) . Therefore, this mechanism is unlikely to explain the greater potency of pindolol to displace [ In conclusion, we failed to identify factors that would account for an artifactual result. The next question is whether this result is consistent with previously reported studies comparing the potency or affinity of pindolol between somatodendritic 5-HT 1A autoreceptors and postsynaptic 5-HT 1A receptors.
Pindolol Potency at Somatodendritic Autoreceptors and Postsynaptic Heteroreceptors
Some, but not all, preclinical studies provided direct evidence of a higher potency of pindolol at the 5-HT 1A autoreceptors compared to postsynaptic 5-HT 1A receptors. Romero et al. (1996) demonstrated that although pindolol blocked the SSRI and LSD induced activation of 5-HT 1A autoreceptors in the DRN, the same dose of pindolol failed to prevent 5-HT 1A agonist induced inhibition of pyramidal cell firing in the hippocampus. On the other hand, Corradetti et al. (1998) reported similar potency of pindolol to block in vitro 5-HT 1A activation in the DRN and the hippocampus.
Data from autoradiographic binding studies are contradictory. One in vitro autoradiographic study in rats, guinea-pigs, monkeys and humans showed similar potency of (Ϫ)pindolol to displace [ 3 H]WAY 100635 in DRN and hippocampus in the four species (Raurich et al. 1999) . In humans, (Ϫ)pindolol K I was 17.0 Ϯ 5.9 nM (mean Ϯ SEM, n ϭ 4) and 17.3 Ϯ 3.7 nM in DRN and hippocampus (CA1), respectively. However, using the same ligand ([ 11 C]WAY 100635), same general assay conditions, and the same number of human subjects (n ϭ 4), Castro et al. (1999) reported significantly higher affinity of pindolol for 5-HT 1A in the DRN (8.9 Ϯ 1.1 nM) compared to the hippocampus (14.4 Ϯ 1.5 nM in CA1, p Ͻ .05). The reason for this discrepancy is unclear, and additional studies are required to resolve this issue. In addition, binding parameters measured in vitro might not always provide an accurate estimate of in vivo binding parameters since in vitro assays are performed under nonphysiological temperature and buffer conditions (Laruelle et al. 1994a) .
Two studies have reported in vivo inhibition studies of WAY 100635 binding by pindolol in rodents. Corradetti et al. (1998) ). Previous studies of (Ϯ)pindolol occupancy in humans with PET are also inconclusive. Andree et al. (1999) studied inhibition of [ 11 C]WAY 100635 binding in three male volunteers, 2 h following oral administration of 10 mg of pindolol. PET data were acquired for 69 min and analyzed with the peak equilibrium method (Farde et al. 1998) . Pindolol occupancy of 5-HT 1A receptors in the DRN was 16 Ϯ 9% and was not significantly different from the occupancy in temporal and frontal cortices (24 Ϯ 5%). Rabiner et al. (2000) reported occupancy of 5-HT 1A receptors by pindolol two hours following oral administration of 5 mg (n ϭ 3), 10 mg (n ϭ 4), and 20 mg (n ϭ 3) of pindolol. PET data were acquired for 90 min and analyzed with the basis function implementation of the simplified reference tissue model (Gunn et al. 1998) . Following the 5-mg dose, no significant occupancy was detected. Following the 10-mg dose, a significantly larger occupancy was detected in the DRN (37 Ϯ 9%) compared to the cortical regions (13 Ϯ 8%, p Ͻ .001). Following the 20-mg dose, the DRN occupancy (39 Ϯ 3%) was similar to the cortical occupancy (46 Ϯ 10%, p ϭ .24).
Results of these PET studies are not directly comparable to the results reported here. We measured occupancy following sustained administration of a controlled release formulation of pindolol, rather than following single dose administration of pindolol. Duration of scan was 69 min, 90 min, and 100 min in Andree et al. (1999) , Rabiner et al. (2000) and this study, respectively. Data were analyzed with peak equilibrium method (Andree et al. 1999) , simplified reference tissue model , and full kinetic analysis using the arterial plasma as input function (this study). Outcome measures derived from the scan data were BP normalized to the cerebellum (V 3 ") in Andree et al. (1999) and Rabiner et al. (2000) , and absolute BP here. While all studies analyzed the DRN, postsynaptic occupancy was derived from the analysis of 2, 14, and 10 regions in Andree et al. (1999) , Rabiner et al. (2000) , and this study, respectively. However, none of these factors are a priori suspected to bias the comparison of the DRN versus cortical occupancy. For example, we also computed the occupancies based on V 3 " and obtained similar results to those obtained with BP (Table 6 ).
The inconsistent results reported in prior studies might be due to the small number of subjects studied (3 to 4). We calculated the effect size (dt) detected in this study as dt ϭ ( 1 -2 )/SD, were is the mean regional occupancy (DRN vs. corticolimbic). Assuming that the true effect size is approximated by the effect size observed in this study (dt ϭ 1.37), the number of subjects required to detect a significant difference in DRN vs. corticolimbic occupancy with a power of 0.80 (using a two-tailed test and a significance level of 0.05) is 10. With the number of subjects studied here (n ϭ 8), the power was 0.70 for each dose. With the number of subjects reported by Andree et al. (1999) and Rabiner et al. (2000) (less than five subjects per dose), the power was less than 0.5, i.e., these studies were more likely not to detect a significant difference than to detect one.
Possible Mechanism Underlying Pindolol DRN Selectivity
If we accept that occupancy of pindolol is higher in the DRN compared to corticolimbic regions, we must consider potential mechanisms underlying these regional differences. We will speculate here about the potential involvement of regional differences in receptor coupling to G-proteins and degree of receptor internalization.
Receptor Coupling to G-proteins. Pre-and post-synaptic 5-HT 1A receptors exhibit well characterized pharmacological differences. In general, pre-synaptic receptors are more "agonist" sensitive compared to post synaptic receptors (Meller et al. 1990; Jolas et al. 1995) . A number of drugs act as full agonists in the DRN but as partial agonists in the hippocampus (such as buspirone or ipsapirone); or as partial agonists in the DRN and as antagonists in the hippocampus (such as (Andrade and Nicoll 1987; Sprouse and Aghajanian 1987; Sinton and Fallon 1988; Sprouse and Aghajanian 1988; Hjorth and Sharp 1990; Greuel and Glaser 1992; Fabre et al. 1997) . Importantly, these pharmacological differences are detected in functional assays in vivo, rather than in binding studies. The binding properties of these compounds to the pre-and postsynaptic receptors, as assessed in vitro, are generally similar (Radja et al. 1992) . Thus, the different pharmacology of 5-HT 1A receptors across regions does not involve differences in binding sites, but rather efficacy of coupling with signal transduction system which might only be present in vivo.
Recent preclinical studies show that pindolol is a weak agonist at the pre-synaptic receptors, since pindolol by itself reduces the firing rate of DRN 5-HT neurons, an effect antagonized by WAY 100635 (Clifford et al. 1998; Haddjeri et al. 1999) . In cells transfected with the human 5-HT 1A receptor, pindolol induces an increase in [ S]GTP␥S by pindolol is only 20% of the activation by 5-HT). Therefore, in the presence of increased 5-HT concentration, as induced by SSRI, pindolol acts as an antagonist, preventing the inhibition of cell firing and the decrease in 5-HT release (Hjorth 1996; Romero et al. 1996; Gobert and Millan 1999) . The agonist nature of the interaction of pindolol with 5-HT 1A receptors might account for the regional differences in binding observed in this study.
Like all G-protein linked receptors, the binding of agonists to 5-HT 1A is modulated by the coupling of the receptors to G-proteins (Hall et al. 1986; Emerit et al. 1990; Watson et al. 1999) , whereas the binding of pure antagonists, such as [ 3 H]WAY 100365 is unaffected (Gozlan et al. 1995) . In fact, the number of sites labeled by (Gozlan et al. 1995) , supporting the hypothesis that only about 50% of 5-HT 1A receptors are configured in agonist high affinity state in these regions. When fitting our data to a simple competition model, we found that, in the concentration range used in this study, the maximal number of pindolol binding sites corresponded to about 50% of sites labeled by [ (Table 9) . Therefore, it is conceivable that, in vivo, most of the DRN sites would be configured in the agonist high affinity state, compared to only 50% of the sites in corticolimbic areas.
Internalization. Another possible mechanism that could account for regional differences in the in vivo affinity of pindolol for 5-HT 1A receptors would be regional differences in the degree of internalization of 5-HT 1A receptors (Riad et al. 1999; Rudell et al. 1999) . [ 11 C]WAY 100635 and pindolol, being lipophilic, would be expected to bind to both internalized and externalized receptors. The cellular localization of receptors affects the apparent affinity of some radioligands, due to ligand trapping in endosomal compartment and differences in receptor microenvironment (for review and references, see Laruelle 2000) . If pindolol displays higher affinity for internalized versus externalized receptors, and if a larger proportion of 5-HT 1A receptors are internalized in the DRN compared to the corticolimbic areas, then the apparent in vivo affinity of pindolol would be higher in the DRN compared to the postsynaptic areas. In this regard, it is interesting to note that the occupancy of DRN by pindolol was equivalent at scan 2 (40%) and 3 (38%, i.e., decrease of 5% in occupancy), whereas occupancy of other regions by pindolol decreased from scan 2 (18%) to scan 3 (12%, i.e., decrease of 33%). This observation is consistent with a slower effective dissociation rate of pindolol in DRN compared to other regions, possibly due to intracellular trapping mechanisms (Chugani et al. 1988; Laruelle 2000) .
It should be stressed that both mechanisms discussed here (regional differences in G-protein coupling and degree of internalization) might apply only to the in vivo situation, given that in vitro preparations might disrupt coupling and the subcellular distribution of receptors. Both mechanisms should only be viewed as working hypotheses to be further evaluated.
Clinical Implications
The results of this study suggest that, at doses used in clinical studies of pindolol to augment SSRI treatment (2.5 mg, t.i.d.), the occupancy of 5-HT 1A is moderate and highly variable between subjects and this factor may explain the variable results obtained in clinical studies.
Estimation of Occupancy Achieved in Clinical Trials.
To our knowledge, only one clinical study reported plasma levels of pindolol. Perez et al. (1999) measured pindolol plasma levels of 9.9 Ϯ 5.1 (SD) ng mL Ϫ1 in a sample of 40 subjects treated with a combination of pindolol (2.5 mg, t.i.d.) and SSRI's (fluoxetine, paroxetine, fluvoxamine, or clomipramine). Plasma levels were obtained 10 days after initiation of pindolol augmentation, but the temporal relationship between sampling and dosing was not reported. Assuming that 9.9 ng mL 1 corresponds to C av , our data (using parameters from Table 9 ) would indicate a rather low 5-HT 1A occupancy (28% and 17% in the DRN and corticolimbic regions, respectively).
This conclusion is at variance with results from Raurich et al. (1999) who concluded that, at doses of 2.5 mg, t.i.d., pindolol plasma levels should be high enough to induce more than 50% occupancy of 5-HT 1A receptors. This conclusion was based on the following calculation. Given a pindolol molecular weight of 248, a plasma concentration of 9.9 ng mL Ϫ1 corresponds to 39 nM. Assuming similar pharmacokinetic parameters for both (ϩ) and (Ϫ)pindolol, the concentration of the active enantiomer (Ϫ)pindolol would be 19.5 nM, which is higher than the in vitro K I of pindolol for [ 11 C]WAY 100635 binding in human DRN (17 nM) reported by these authors. The difference between the conclusion of Raurich et al. (1999) and the conclusion of this study stems from two factors. First, Raurich et al. (1999) did not take into account the binding of pindolol to plasma proteins. The plasma free fraction (i.e., not bound to plasma proteins) of pindolol has been reported as approximately 70% (Lima et al. 1986 ), 60% (Meier 1982) , or 40% (Belpaire et al. 1982) in healthy volunteers.
Experimental evidence has demonstrated that for drugs that crosses the blood brain barrier by passive diffusion, the intracerebral free concentration equilibrates with the free plasma concentration (Kawai et al. 1991; Laruelle et al. 1994a ). Thus, a total (bound to plasma proteins and free) pindolol plasma concentration of 19.5 nM would correspond to a free pindolol concentration of 10.7 nM (assuming a free fraction of 55%). Given a K I of 17 nM, the occupancy achieved in clinical studies would be 39%. The second factor is that the affinity of pindolol for DRN receptors might be overestimated in vitro, to the extent that assay conditions (temperature, buffer) are selected to optimize binding. Our data indicate a EC 50 of (Ϯ)pindolol in the DRN of 24 ng mL
Ϫ1
, which corresponds to 97 nM of (Ϯ)pindolol, 48 nM of (Ϫ)pindolol, and 27 nM of free (Ϫ)pindolol. Thus, the PET data indicate an in vivo K I of pindolol of 27 nM. Given a K I of 27 nM, the occupancy achieved in clinical studies would be only 28%, assuming that the pindolol plasma values reported by Perez et al. (1999) are representative.
It is unclear if 28% occupancy of DRN 5-HT 1A receptors is enough to achieve the desired clinical effect. The minimal occupancy of DRN 5-HT 1A receptors needed to achieve blockade of the SSRI induced activation of these receptors has not been well documented. In the classic study of Romero et al. (1996) , a (Ϫ)pindolol dose of at least 10 mg/kg i.p. was required to significantly block the decrease in striatal 5-HT extracellular concentration induced by direct application of citalopram (50 M) in the DRN. To our knowledge, the occupancy of DRN 5-HT 1A receptors achieved by 10 mg/kg i.p. pindolol in the rat has not been reported. Yet, a dose of 15 mg/kg, i.p. (Ϫ)pindolol has been reported to occupy 76% of DRN 5-HT 1A receptors (Corradetti et al. 1998) and it is likely that the occupancy following 10 mg/kg, i.p. is in the range of 50%, i.e., higher than the 28% achieved in clinical studies. Studies combining occupancy and electrophysiological or microdialysis measurements are needed to clarify this question.
Our data indicate that a pindolol regimen of 6.25 mg, t.i.d. (18.75 mg/day) would be necessary to achieve 50% occupancy of DRN 5-HT 1A receptors. This regimen (6.25 mg, t.i.d.) would be 2.5 times higher than currently used regimen (2.5 mg, t.i.d.). While this dosage would still be in the lower range of doses used for the management of high blood pressure (30-45 mg/day), it is likely to be associated with more pronounced side effects, due to significant ␤-adrenergic receptor blockade, and might be impractical in routine outpatient clinical care. In addition, pharmacokinetic interactions between antidepressants and beta adrenergic blockers must be carefully considered (Ferrari et al. 1991 ). Finally, it should be kept in mind that the present study was performed in males, to avoid potential confounding effects of menstrual cycle on occupancy measurement. Since estrogens affect 5-HT 1A receptor function differently in the DRN and corticolimbic regions (Clarke and Goldfarb 1989; Clarke et al. 1996) , it will be important to replicate this study in females.
Between Subject Variability. The second practical implication of this study is the large between subject variability in both pindolol plasma levels and occupancy, particularly at the lower dose (Table 5 ). This variability might also account for the variability in the effect observed in clinical studies. Such a variability suggests that blood level monitoring might be useful in clinical studies to adjust the dose to levels compatible with appropriate occupancy.
To evaluate the feasibility of such an approach, we evaluated the relationship between pindolol plasma levels and regional occupancy. In the DRN, a significant linear relationship was found between 5-HT 1A occupancy and pindolol plasma level at scan 3 (r 2 ϭ 0.49, p ϭ .05) and scan 4 (r 2 ϭ 0.65, p ϭ .001), but not at scan 2 (r 2 ϭ 0.20, p ϭ .25). The fact that plasma pindolol levels explained only 20 to 60% of the variability of DRN occupancy (within a given condition) is expected: both measures are associated with noise (particularly the DRN), and this relationship does not take into account possible between subject differences in pindolol plasma free fraction. Thus, despite these limitations, measurements of plasma levels would be useful for monitoring occupancy of 5-HT 1A receptors in the DRN. On the other hand, a surprising finding was the quasi-absence of relationship between plasma levels and the average occu- (Parsey et al. 2000) . Therefore, we must conclude that, at a given pindolol plasma level, there is a greater between subject variability in the corticolimbic 5-HT 1A receptor occupancy compared to DRN 5-HT 1A receptor occupancy.
This observation is, in fact, consistent with the pharmacodynamic analysis presented in Table 9 . The unconstrained analysis suggested that pindolol labels with high affinity (EC 50 of 24 ng mL
) one population of sites in the DRN, while it labels only about 50% of corticolimbic 5-HT 1A receptors with high affinity (EC 50 ϭ 21 ng mL
). Thus, in corticolimbic regions, 5HT 1A receptors might be configured in states of high and low affinity for pindolol with the low affinity sites not being occupied by pindolol in the dose range used in this study. The large between subject variability in corticolimbic occupancy suggests a significant between subject variability in the proportion of high versus low affinity sites in these regions. Conversely, the data suggest low between subject variability in the EC 50 for the high affinity sites, since DRN occupancy is reasonably predicted by pindolol plasma levels. Therapeutic Window. The selective occupancy of pindolol observed in this study suggests the existence of a therapeutic window for pindolol plasma concentrations. The therapeutic window includes the range of pindolol concentrations at which a marked difference is reached between DRN occupancy (which should be high in order to potentiate SSRI effects on 5-HT transmission) and cortical occupancy (which should be low in order to maintain activation of postsynaptic 5-HT 1A receptors). This window is illustrated in Figure 6 , which simulates inhibition of [ , so that the average affinity of the cortical sites is 82 ng mL
. The triangles represent the differences in occupancy between DRN and cortical regions. This simulation shows that plasma level associated with 50% occupancy of DRN 5-HT 1A receptors is associated with a 18% occupancy difference between DRN and cortical regions. This difference is close to the maximal difference, suggesting that this level of DRN occupancy would be an appropriate target.
Profile of the Ideal Compound for Augmentation of SSRI Antidepressant Effects.
Assuming that selective blockade of 5HT 1A autoreceptors is useful for hastening clinical response to SSRIs, the PET data presented here provide some clues about the desired properties of compounds selected for this application. The data suggest that pindolol might not be the ideal compound, since the side effects associated with its beta-adrenergic blocking properties might preclude its use in routine clinical practice at doses (15-25 mg/day) required to block 50% of the DRN 5-HT 1A receptors.
It is currently assumed that silent 5-HT 1A antagonists would be the optimal pharmacological agents for this application: WAY 100635 or other silent antagonists provide superior potentiation of he acute effects of SSRIs on 5-HT transmission compared to pindolol, a difference attributed to the fact that pindolol is a partial agonist (Sharp et al. 1993; Clifford et al. 1998; Gartside et al. 1999) . However, if DRN selectivity is a unique feature of partial agonists, a weak and DRN selective partial agonist might still be the drug of choice for this application. On the other hand, if DRN selectivity is due to regional differences in the proportion of high and low affinity sites for agonists, this property might not be important, to the extend that 5-HT acts primarily, if not exclusively, on receptors configured in high agonist affinity state. PET studies of other 5HT 1A partial agonists, silent antagonists and agonists are warranted to evaluate the relationship between pharmacological profile and DRN selectivity. Finally, given that the goal of this pharmacological strategy is to hasten therapeutic response, appropriate plasma levels of the candidate drug should be reached rapidly, maybe using an initial loading dose. Again, PET imaging provides a unique tool to define the relationship between pharmacokinetic and therapeutic windows.
CONCLUSIONS
This study evaluated the occupancy of 5-HT 1A receptor achieved during treatment with pindolol in humans. The results indicate that pindolol significantly decreased [ 11 C]WAY 100635 BP at all doses tested. Based on these data, the occupancy of DRN 5-HT 1A receptors achieved during clinical trials aimed at hastening or augmenting the antidepressant effects of SSRIs was estimated to be in the order of 30%, which might be less than optimal for achieving the desired potentiation of 5-HT transmission. This factor, as well as the important between subject variability in occupancy, might account for the mixed results reported in double blind, placebo controlled studies. However, pindolol demonstrated significant in vivo selectivity for DRN 5-HT 1A autoreceptors relative to corticolimbic postsynaptic receptors. This DRN selectivity is desirable for potentiation of 5-HT transmission, and represents an important proof of concept for the development of new 5-HT 1A agents for this application. Early evaluation of new drugs with PET imaging will enable rapid screening of compounds based on DRN selectivity, and more rigorous determination of doses to be tested in clinical trials. ; cortical low affinity sites have an affinity of 140 ng mL Ϫ1 , so that the average affinity of the cortical sites is 82 ng mL Ϫ1 . The triangles represent the differences in occupancy between DRN and cortical regions, which is maximal in the 32 to 128 ng mL Ϫ1 plasma range.
Partial Voluming and Occupancy Measurement
The formula for occupancy by a competitive ligand is where BP PRE and BP POST are the binding potential of the radioligand before and after administration of the com- . If the region of interest is isolated from all other regions with non-zero BP (i.e., separated by a distance of more than two FWHM of the point spread function of the scanner), the measured activity in the region of interest (A M ) will be a weighted average of the true activity in the region (A T ) and the surrounding background region (A REF ). This can be written as with 0 р ␣ р 1. The fact that the partial voluming coefficient ␣ and the spill over coefficient (1 Ϫ ␣) must sum to 1 can be seen by letting BP ϭ 0 so that the regional activity equals the background activity. In general, ␣ varies directly with the volume of the region, i.e. tends toward 1 as the region volume grows larger. Letting 1 and 2 index pre-and post-competitor administration variables, the true activity levels are and the measured activities are and where it has been assumed that non-specific binding does not change from measurement 1 to measurement 2. The parameter ␣ does not change because it is a function of the geometry of the region and of properties of the scanner but is independent of tracer concentrations.
The measured occupancy is computed as from which it can be seen that the measured occupancy is equivalent to true occupancy, independent of ␣ and of partial volume effect. 
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